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Abstract: GaAsBi light emitting diodes containing ∼6% Bi are grown on GaAs substrates. Good room-temperature
electroluminescence spectra are obtained at current densities as low as 8 Acm−2. Measurements of the integrated
emitted luminescence suggest that there is a continuum of localised Bi states extending up to 75 meV into the
bandgap, which is in good agreement with previous photoluminescence studies. X-ray diffraction analysis shows that
strain relaxation has probably occurred in the thicker samples grown in this study.1 Introduction
Over the past decade there has been interest in incorporating bismuth
into conventional III–V compounds. GaAsBi is the most common of
these; however, more recently, other compounds such as InAsBi [1],
InGaAsBi [2, 3], InPBi [4], and GaSbBi [5] have been reported.
Incorporating bismuth leads to a reduction in the bandgap of the
alloy and also increases the spin-orbit splitting energy of the alloy,
which offers the potential to reduce Auger recombination in lasers
when ESO > Eg [6]. This has been shown to occur for Bi
concentrations above 10% [7] in GaAsBi.
Light emitting diodes (LEDs) containing GaAsBi active regions
have previously been grown by molecular beam epitaxy (MBE)
[8]. The bismuth content was 1.8% and room-temperature
emission from the GaAsBi layer was observed at a wavelength of
987 nm. Pressure-dependent measurements on similar samples
showed evidence of carrier leakage into the GaAs barriers and also
suggested that the GaAsBi/GaAs heterojunction is type I [9]. More
recently, a single quantum well GaAsBi/(Al)GaAs laser operating
under electrical injection has been grown by metal-organic vapour
phase epitaxy (MOVPE) [10].
For communications applications, lasers/LEDs operating at 1.3 or
1.55 μm are desirable. To fully understand such devices, the bulk
luminescence properties of GaAsBi (without the quantum effects
produced by quantum wells or dots) must be investigated. In this
paper, we characterise p–i–n diode structures, containing bulk GaAsBi
layers with ∼6% Bi, which act as LEDs operating at about 1.2 μm.2 Experimental methods
All samples were grown on an Omicron MBE-scanning tunnelling
microscopy (MBE-STM) system. The MBE chamber is ﬁtted with
effusion cells for Al, Ga, In, and Bi, as well as a Be/Si dual
dopant cell. The growth of the samples analysed during this work
is described elsewhere [11]. Fig. 1 shows the structures
diagrammatically. The thin GaAs spacer layers were included in
an attempt to allow the Bi on the growing surface to desorb,
preventing the formation of Bi droplets. For electrical
characterisation, the samples were fabricated into 200 μm radius
mesa diodes using standard fabrication techniques.
Small sections of each sample were mounted on TO5 headers in
order to carry out electroluminescence measurements. The
electroluminescence (EL) from the samples was dispersed by amonochromator and detected using a liquid-nitrogen cooled
germanium detector. Low-temperature measurements were carried
out in a cryostat which was cooled by a closed-cycle helium
compressor.
The ω–2θ X-ray diffraction (XRD) measurements throughout this
work were taken on a Bruker D8 Discover XRD machine using
Cu kα1 radiation.3 Results and discussion
3.1 Initial sample characterisation
The initial room-temperature EL spectra taken from all three diodes
are shown in Fig. 1. As the GaAsBi region thickness is increased
from 100 to 200 nm, there is a reduction of 40% in the peak EL
intensity. This is consistent with a doubling of the number of
defects per unit area as the GaAsBi region thickness is doubled.
However, when the GaAsBi region thickness is increased to
350 nm (a further factor of 1.75), the peak EL intensity is reduced
by 85%. This dramatic reduction in EL intensity suggests that R7
has seen a signiﬁcant increase in non-radiative processes and may
indicate that it has undergone signiﬁcant strain relaxation.
Further evidence for this is shown in the symmetric 004 XRD
spectra, previously published in [11] and shown in Fig. 2. The
spectra show a tensile peak next to the substrate that becomes
increasingly prominent with increasing GaAsBi thickness. This
suggests that as the GaAsBi layer thickness is increased, it
becomes increasingly strain relaxed; the upper GaAs cladding
layers are then grown in tensile strain on top of this layer.
Owing to the weak EL signal from R7, the remaining discussion
focuses solely on R2 and R4.
3.2 Room-temperature electroluminescence
Room-temperature EL spectra taken from both samples as a function
of injection current are shown in Fig. 3. The peak emission
wavelength was about 1.2 μm in both cases, suggesting a Bi
content of ∼6% in both samples. Emission was observed at
injection current densities as low as 8 Acm−2, which is lower than
the lowest injection current density used by Lewis et al. [8]
(50 Acm−2) or by Hossain et al. [9] (25 Acm−2) on similar diodes.
In these spectra, a peak at ∼880 nm is observed, which is probably
emission from the GaAs cladding layers. Emission around this, Vol. 10, Iss. 2, pp. 34–38
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Fig. 1 Sample structures grown during this work (the structure pictured is that of R4). Also shown are the room-temperature EL spectra of the diodes, using
injection currents of 80 Acm−2wavelength was also observed in the electroluminescence spectra of
the LEDs in [8]; pressure-dependent measurements performed on
similar samples [9] also showed the presence of carrier leakage
into the GaAs cladding.3.3 Low-temperature electroluminescence
EL measurements were also carried out at 20 K using a range of
injection currents. The spectra from R2 and R4 are shown in
Fig. 4. The spectra have an asymmetric shape, and the peaks
blue-shift slightly with increasing injection current (∼25 meV for
an order of magnitude change in current). This behaviour can be
explained by the presence of disorder and Bi clustering, which
give rise to localised states within the bandgap [12, 13]. At low
temperatures, holes fall into these states and do not have sufﬁcient
thermal energy to escape, leading to the formation of localised
excitons. The energy of the luminescence peak is thus less than
the bandgap energy. As the carrier density (in this case, the
injection current) increases, the localised states become ﬁlled and
the luminescence peak shifts to higher energies [12–15].
The spectra all show a low energy, exponential tail. Low-energy
tails in luminescence spectra have been observed for GaAsBi [16,
17], and also for other disordered materials such as (In)GaAsNFig. 2 004 XRD spectra from the diodes grown in this work. Data
previously published in [11]
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licenses/by/3.0/)[18]. They are attributed to recombination of excitons trapped in
localised states within the bandgap. In dilute nitrides these states
are close to the conduction band, whereas for bismides, they are
close to the valence band.
The low-temperature spectra shown in Fig. 4 show a signiﬁcantly
attenuated GaAs peak. This suggests that the GaAs peak is thermally
activated; it is possibly due to carriers escaping from the GaAsBi and
recombining in the GaAs cladding layers. The small conduction
band offsets in GaAsBi would suggest that the escaping carriers
are electrons.3.4 Integrated emitted luminescence
The dominant carrier recombination mechanisms in the GaAsBi
layers were analysed by recording the integrated emitted
luminescence (IEL) as a function of injection current, jinject.
Following the analysis used in [19], when the IEL is plotted
against jinject on a log–log plot, the gradient should vary between 1
and 2, where a value of 1 shows that radiative recombination is
dominant and a value of 2 shows that non-radiative recombination
is dominant. An intermediate value shows that both processes are
contributing.
The results are shown in Fig. 5. The gradient is 1 at low
temperature (20 K) and 2 at room temperature for both samples.
This suggests that radiative recombination is dominant at low
temperature, but non-radiative recombination is dominant at room
temperature. Similar behaviour has been observed for
photoluminescence from GaAsBi layers with [Bi] = 3% [14]. In
Fig. 5a, there is a reduction in the gradient of both curves at high
injection current; this is probably due to sample heating. If the
low-temperature EL is dominated by radiative processes, then a
rough estimate of the radiative efﬁciency of the material at room
temperature can be obtained by dividing the room-temperature
luminescence by the low-temperature luminescence. In this case, at
room temperature, the radiative efﬁciencies are 2.3 and 3.3% for
R2 and R4, respectively.
By plotting the log of the IEL against 1000/T, it is possible to
extract the activation energy of the carriers in each sample. These
plots are shown in Fig. 6.
It is clear that there is more than one activation energy for each
diode. The data in Fig. 6 have been ﬁtted with several different
activation energies, each one determined by using a least-squares
ﬁt to the data in a given temperature range. However, the data35Commons Attribution License (http://creativecommons.org/
Fig. 4 Low-temperature electroluminescence
a Sample R2
b Sample R4
Fig. 5 Log–log plots of IEL as a function of injection current at room temperature and at 20 K
a Sample R2
b Sample R4
Fig. 3 Room-temperature electroluminescence
a Sample R2
b Sample R4could have been adequately ﬁt using several different combinations
of activation energies at different temperatures. It seems likely,
therefore, that there is no single, well-deﬁned energy level in these36 This is an open access article published by the IET under the Crediodes. The largest activation energy used in this ﬁtting is 75
meV. It is probable that these activation energies arise from the
presence of localised energy levels in the bandgap caused by theIET Optoelectron., 2016, Vol. 10, Iss. 2, pp. 34–38
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Fig. 7 Peak EL energy of sample R2 as a function of temperature
Fig. 6 Activation energies extracted from the temperature dependence of the IEL of each sample
a Sample R2
b Sample R4clustering of Bi atoms. This result suggests that there is a continuous
range of Bi-induced localised states that extend up to 75 meV into
the bandgap, which is consistent with the ﬁndings of Yoshimoto
et al. [20].
3.5 Temperature-dependent luminescence
The temperature dependence of the peak energy of the luminescence
from GaAsBi samples has previously been observed to follow an
‘S-shaped’ dependence [13–15]. This ‘S-shape’ can be explained
with reference to localised states within the bandgap, as described
in [21]. The Varshni equation is shown in (1) [22]
Eg(T ) = E0 −
aT2
(T + b) (1)
where Eg is the bandgap at temperature T; E0 is the bandgap at 0 K; α
and β are ﬁtting parameters. For semiconductors that contain
localised states within the bandgap, the equation is modiﬁed, as
shown in (2) [23]
Eg(T ) = E0 −
aT2
(T + b) −
s2
kBT
(2)
where σ is a parameter that indicates the degree of localisation within
the structure and kB is Boltzmann’s constant.IET Optoelectron., 2016, Vol. 10, Iss. 2, pp. 34–38
This is an open access article published by the IET under the Creative
licenses/by/3.0/)The temperature dependence of the main EL peak from R2 is
shown in Fig. 7, along with ﬁts to the data using the standard and
modiﬁed Varshni equations ((1) and (2), respectively). Also shown
are the ﬁtting parameters for R2, compared with the values found
in [14] from a photoluminescence investigation of a GaAsBi
sample with ∼3% Bi.
The main peak appears to follow an S-shaped temperature
dependence. This is in contrast to the EL results in [8] where the
GaAsBi peak was observed to follow the conventional Varshni
equation. The lower E0 value for R2 compared with that in [14] is
expected due to the higher Bi content of the samples in this work.
The α values are similar and are both less than the value reported
for a GaAs control sample in [14] (0.56 meV/K). This conﬁrms that
incorporating Bi reduces the temperature dependence of the bandgap.4 Conclusions
GaAsBi LEDs were grown on GaAs substrates. The LEDs showed
good room-temperature EL at about 1.20 μm, indicating a Bi
content of about 6%. This is consistent with the previous work on
these devices [11]. Reasonable EL spectra were obtained from
these devices at a current density of 8 Acm−2, which is
considerably lower than the lowest current densities used in
previous studies by other groups [8]. The temperature dependence
of the IEL from these devices suggests that radiative recombination
mechanisms dominate at 20 K, and non-radiative recombination
dominates at room temperature. A temperature-dependent IEL37Commons Attribution License (http://creativecommons.org/
investigation of these samples shows that there is probably a
continuous distribution of Bi-induced localised states that extend
up to 75 meV into the bandgap.5 References
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